Nuclear factor kB (NF-kB), a key activator of inflammation, primes the NLRP3-inflammasome for activation by inducing pro-IL-1b and NLRP3 expression. NF-kB, however, also prevents excessive inflammation and restrains NLRP3-inflammasome activation through a poorly defined mechanism. We now show that NF-kB exerts its anti-inflammatory activity by inducing delayed accumulation of the autophagy receptor p62/SQSTM1. External NLRP3-activating stimuli trigger a form of mitochondrial (mt) damage that is caspase-1-and NLRP3-independent and causes release of direct NLRP3-inflammasome activators, including mtDNA and mtROS. Damaged mitochondria undergo Parkin-dependent ubiquitin conjugation and are specifically recognized by p62, which induces their mitophagic clearance. Macrophage-specific p62 ablation causes pronounced accumulation of damaged mitochondria and excessive IL-1b-dependent inflammation, enhancing macrophage death. Therefore, the ''NF-kB-p62-mitophagy'' pathway is a macrophage-intrinsic regulatory loop through which NF-kB restrains its own inflammation-promoting activity and orchestrates a self-limiting host response that maintains homeostasis and favors tissue repair.
SUMMARY
Nuclear factor kB (NF-kB), a key activator of inflammation, primes the NLRP3-inflammasome for activation by inducing pro-IL-1b and NLRP3 expression. NF-kB, however, also prevents excessive inflammation and restrains NLRP3-inflammasome activation through a poorly defined mechanism. We now show that NF-kB exerts its anti-inflammatory activity by inducing delayed accumulation of the autophagy receptor p62/SQSTM1. External NLRP3-activating stimuli trigger a form of mitochondrial (mt) damage that is caspase-1-and NLRP3-independent and causes release of direct NLRP3-inflammasome activators, including mtDNA and mtROS. Damaged mitochondria undergo Parkin-dependent ubiquitin conjugation and are specifically recognized by p62, which induces their mitophagic clearance. Macrophage-specific p62 ablation causes pronounced accumulation of damaged mitochondria and excessive IL-1b-dependent inflammation, enhancing macrophage death. Therefore, the ''NF-kB-p62-mitophagy'' pathway is a macrophage-intrinsic regulatory loop through which NF-kB restrains its own inflammation-promoting activity and orchestrates a self-limiting host response that maintains homeostasis and favors tissue repair.
INTRODUCTION
Macrophages are sentinels that detect foreign invaders and sterile tissue damage. Upon encounter of pathogen-associated (PAMPs) or damage-associated (DAMPs) molecular patterns, macrophages initiate an acute but transient host response whose ultimate goal is clearance of foreign organisms and cellular debris and restoration of tissue integrity and function (Kotas and Medzhitov, 2015; Meylan et al., 2006) . Indeed, while interfering with innate immunity, macrophage ablation also results in excessive tissue damage (Brenner et al., 2013) . Thus, proper control of macrophage activation is pivotal to restoration of tissue integrity and function.
Macrophages sense PAMPs and DAMPs via Toll-like (TLRs) and Nod-like (NLRs) receptors, which control inflammation through transcriptional and post-transcriptional mechanisms, respectively (Meylan et al., 2006) . Unlike TLRs, which directly recognize their agonists, most NLRs involved in inflammasome activation and IL-1b/IL-18 production are not bona fide receptor proteins (Vance, 2015; von Moltke et al., 2013) . For instance, NLR family, pyrin domain containing 3 (NLRP3), which binds the adaptor apoptosis-associated speck-like protein containing a CARD domain (ASC) to induce pro-caspase-1 recruitment, autoactivation, and pro-IL-1b processing, responds to highly diverse stimuli, including ATP, bacterial toxins, micro-crystalline substances, lipid particles, bacteria, and viruses, none of which binds NLRP3 directly (Elliott and Sutterwala, 2015; Lamkanfi and Dixit, 2014) . Some of these stimuli act via the purinergic receptor P2X7 and others are thought to induce plasma membrane damage, but all of them promote NLRP3 association with ASC, inducing formation of the NLRP3-inflammasome complex through indirect mechanisms that involve mitochondrial (mt) signals (Elliott and Sutterwala, 2015; Zhong et al., 2013) . Inflammasome-activating signals include mtDNA, reactive oxygen species (mtROS), or cytosolic presentation of cardiolipin, all of which were proposed to serve as direct activators of the NLRP3:ASC:pro-Caspase-1 complex. Essential for NLRP3-inflammasome activation is transcription factor nuclear factor kB (NF-kB), which acts downstream of TLRs and other immune receptors (Vallabhapurapu and Karin, 2009) . While inducing numerous inflammatory chemokines, cytokines, and cytokine precursors, including pro-IL-1b, NF-kB also induces NLRP3 and is therefore important for inflammasome priming and assembly (Schroder and Tschopp, 2010) . Surprisingly, NF-kB also has anti-inflammatory functions, and its activity is needed for preventing premature and excessive NLRP3-inflammasome activation in macrophages as well as inhibition of neutrophil proteases, that also process pro-IL-1b (Greten et al., 2007) . Treatment of mice with potent IKKb inhibitors or myeloid-specific IKKb ablation enhances IL-1b production and mortality in response to LPS challenge and microbial infections (Greten et al., 2007) . IKKb ablation or inhibition also results in neutrophilia (neutrophil accumulation), another dangerous condition causing extensive tissue damage (Hsu et al., 2011) . Enhanced inflammation and neutrophilia were observed in human subjects that were given IKKb inhibitors, resulting in termination of clinical development programs focused on such compounds. The precise molecular mechanism underlying NF-kB-mediated inhibition of NLRP3-inflammasome activation remains obscure.
A recent study suggested that NF-kB promotes autophagy (Criollo et al., 2010 ), a quality control process that negatively regulates NLRP3-inflammsome activation (Nakahira et al., 2011; Saitoh et al., 2008; Zhou et al., 2011) through a yet-to-be defined mechanism. Postulating that the anti-inflammatory effect of NFkB could be mediated through autophagy, we searched for NFkB-regulated gene products involved in autophagy. We thus examined expression of all five known autophagy receptors (Lazarou et al., 2015) , namely: NBR1, NDP52, p62/SQSTM1, optineurin (OPTN), and TAX1BP1, in LPS-primed macrophages and found that only p62 was upregulated upon NF-kB activation. p62, a highly conserved protein, is a multifunctional signaling scaffold and adaptor that binds polyubiquitinated proteins and damaged organelles and targets them to autophagosomal clearance via its ubiquitin association domain (UBA) and LC3 binding motif (LIR), respectively (Komatsu et al., 2012) . Upon stimulation of primed macrophages with NLRP3 agonists, p62 is recruited to damaged mitochondria that release signals causing NLRP3-inflammasome activation. By eliminating such signal-producing mitochondria, p62 prevents excessive inflammasome activation, which, in addition to IL-1b release, triggers macrophage death (Miao et al., 2010) , thereby compromising macrophage-mediated immunity, tissue repair and healing. Therefore, the ''NF-kB-p62/SQSTM1-mitophagy'' pathway provides an essential regulatory loop through which NF-kB orchestrates a reparative inflammatory response and prevents excessive collateral damage.
RESULTS

LPS Induces NF-kB-Dependent p62/SQSTM1 Expression in Macrophages
We examined whether NF-kB attenuates NLRP3-inflammasome activation in macrophages by inducing genes whose products promote autophagy. We examined expression of five known autophagy receptors (NBR1, NDP52, p62/SQSTM1, OPTN, and TAX1BP1) in the presence or absence of LPS, a TLR4 ligand that activates NF-kB and primes macrophages for NLRP3-inflammasome activation. Expression of all five autophagy receptors was low in wild-type (WT) macrophages but LPS treatment led to strong and selective p62 mRNA and protein induction (Figures 1A and S1A) . Notably, LPS-induced p62 continues to accumulate for at least 6 hr during the priming step and lags behind NLRP3 and pro-IL-1b, whose accumulation was completed within the first 3 hr of priming ( Figures 1A and S1B) . However, similar to NLRP3 and pro-IL-1b, induction of p62 was NF-kBdependent because IKKb inhibition by ML120b prevented it ( Figure 1B ).
Macrophage p62 Ablation Enhances IL-1b Production
We investigated whether p62 could mediate the inhibitory effect of NF-kB on the NLRP3-inflammasome. We crossed p62 ), which lack p62 in mature myeloid cells, including macrophages and neutrophils. Intraperitoneal (i.p.) LPS injection resulted in $35% mortality in WT mice, but close to 100% mortality was seen in p62
DMye mice ( Figure 1C) . Importantly, the effect of myeloid-specific p62 deletion on sepsis-induced mortality is similar to that of IKKb ablation in the same compartment (Greten et al., 2007) . LPS-induced mortality is mediated by TNF and IL1b, but circulating TNF in LPS-injected p62 DMye mice was barely higher than in WT mice ( Figure 1D ). By contrast, p62 DMye mice exhibited a 2-fold increase in circulating IL-1b after LPS treatment ( Figure 1E ). No strain-specific differences in basal TNF or IL-1b were observed. Blocking IL-1 signaling with anakinra, an IL-1b receptor antagonist, prevented septic shock and improved survival in both WT and p62 DMye mice ( Figure 1C ), indicating a central and critical role for IL-1b-IL-1R signaling in the pathogenesis of excessive inflammation. Unlike TNF, whose synthesis and secretion are inflammasome-independent, secretion of mature IL-1b by macrophages requires inflammasome-dependent caspase-1 activation. Indeed, stimulation of WT and p62
DMye bone marrow-derived macrophages (BMDM) with different NLRP3 inflammasome activators, including ATP, urea microcrystals (MSU), alum, silica microparticles, liposomes (DOTAP), and nigericin, led to 2-to 3-fold higher IL-1b secretion by p62 DMye macrophages than p62 F/F macrophages ( Figures 1F and S1C ), indicating that enhanced IL-1b secretion is retained ex vivo and likely to be related to enhanced inflammasome activation. Importantly, small hairpin RNA (shRNA)-mediated p62 silencing in WT (C57Bl/6) immortalized BMDM (Hornung et al., 2008) led to a similar enhancement of pro-IL-1b processing and IL-1b secretion upon incubation with the inflammasome activators used above ( Figures 1G and S1D) . Thus, the results are not unique to knockout mice. Elevated IL-1b secretion was accompanied by enhanced caspase-1 activation in p62 DMye BMDM (Figures S1C and S1E). Fittingly, ATP-induced pyroptosis, an inflammatory form of cell death mediated by caspase-1, was exacerbated in p62-deficient macrophages relative to WT counterparts (Figure S1F ). p62 ablation had no effect on NLRP3, ASC, or pro-IL-1b expression after LPS treatment ( Figure S1G ) and did not affect TNF induction by LPS alone or together with NLRP3-inflammasome activators (Figures 1H and S1H) . BMDM from global p62-KO mice also displayed elevated IL-1b secretion after stimulation with NLRP3 agonists ( Figure S1I ). Moreover, p62 ablation did not have a significant effect on AIM2-or NLRP1b-inflammasome activities (Figures S1J and S1K), suggesting the effect is specific to the NLRP3-inflammasome. In p62-deficient macrophages, IKKb inhibition did not cause a further increase in caspase-1 activation ( Figure S1L ).
Inflammasome Activators Recruit p62 to Mitochondria
Inflammasome activators were suggested to affect mitochondrial membrane integrity or enhance mtROS production (Elliott and Sutterwala, 2015) , and p62 can recognize damaged mitochondria and may promote their autophagic clearance (Geisler et al., 2010) , although this function of p62 has been disputed (Lazarou et al., 2015) . We therefore examined whether inflammasome activators affect the subcellular distribution of p62 and/or induce its mitochondrial translocation. In non-stimulated macrophages, p62 displayed diffuse cytoplasmic distribution, but diverse NLRP3 inflammasome activators induced p62-containing aggregates that were either colocalized with or adjacent to mitochondria (Figures 2A and 2B ). Cell fractionation confirmed these results. In LPS-primed macrophages, very little p62 cosedimented with mitochondria, but after incubation with ATP or nigericin, much more p62 was present in the mitochondrial fraction, which now also contained lipidated LC3 (LC3II) and Parkin ( Figure 2C ). These results suggest that NLRP3-inflammasome agonists stimulate mitochondrial damage, which results in p62 recruitment.
Damaged Mitochondria Accumulate in p62-Deficient Macrophages Mitophagy mediates clearance of damaged mitochondria (Lazarou et al., 2015) . To test more directly whether NLRP3-inflammasome agonists trigger mitochondrial damage, we measured mitochondrial membrane potential. All tested NLRP3 agonists induced loss of mitochondrial membrane potential (DJm), and this was exacerbated in p62-deficient macrophages ( Figure 2D ).
To confirm these findings, we used a fluorescence-based assay and flow cytometry to quantitate mitochondrial damage. Consistent with the above results, inflammasome activators induced appearance of damaged mitochondria and their effect was considerably enhanced in p62-deficient macrophages (Figure 2E) . Using electron microscopy (EM) we directly assessed mitochondrial integrity and state in WT and p62 DMye BMDM.
Whereas ATP, and to a lesser extent, DOTAP induced accumulation of a few swollen mitochondria in WT cells, this effect was strongly enhanced in p62 DMye BMDM, which contained many highly damaged, electron-dense mitochondria (Figures 2F and 2G) . Accumulation of damaged mitochondria in p62-deficient macrophages correlated with enhanced mtROS production and elevated mtDNA release ( Figures S2A and S2B ). These results confirm that NLRP3 agonists induce mitochondrial damage, resulting in mtROS and mtDNA release. Unlike previous studies, in which p62 deficiency only affected the subcellular distribution of mitochondria (Narendra et al., 2010; Okatsu et al., 2010) , p62 ablation results in substantial accumulation of damaged mitochondria in macrophages stimulated with NLRP3 agonists. By promoting clearance of damaged mitochondria, p62 attenuates NLRP3-inflammasome activation. It was suggested that NLRP3-inflammasome-dependent caspase-1 activation is responsible for mitochondrial damage (Yu et al., 2014) , thus placing mitochondria downstream of caspase-1. However, numerous other studies had reached the opposite conclusion and placed mitochondrial damage upstream to caspase-1 (Elliott and Sutterwala, 2015) . We addressed this controversy using Nlrp3 À/À , Asc À/À , and Casp1
macrophages, which are defective in inflammasome activation.
Despite the defect, all types of inflammasome-deficient macrophages exhibited mitochondrial damage comparable to WT, when incubated with NLRP3-inflammasome agonists (Figures S2C-S2E), confirming that mitochondrial damage is upstream to and independent of caspase-1 activation. These results also confirmed that NLRP3 is not the direct site of action of the inflammasome activators tested in these experiments.
To validate these conclusions, we took advantage of a tamoxifen-inducible Nlrp3 knockin mouse strain, that expresses a human Muckle-Wells syndrome NLRP3(A350V) variant that is constitutively active toward caspase-1 (Brydges et al., 2013) . BMDM isolated from these mice released considerable amounts of IL-1b upon LPS priming, without the need for secondary stimulation with NLRP3 agonists ( Figure S2F ). However, macrophages containing genetically activated NLRP3(A350V) did not exhibit mitochondrial damage and enhanced mtROS production after LPS stimulation ( Figures S2G and S2H ), supporting the notion that mitochondrial damage induced by external NLRP3 agonists is caspase-1-independent.
Parkin Is Required for p62 Mitochondrial Recruitment p62 binds damaged mitochondria through its UBA domain (Komatsu et al., 2012) . Macrophage treatment with NLRP3-inflammasome agonists induced formation of poly-ubiquitin (poly-Ub) aggregates, most of which colocalized with p62 puncta on mitochondria ( Figures 3A and S3A) . Induction of mitochondrial poly-Ub is likely to depend on the E3 ligase Parkin (Lazarou et al., 2015) . Indeed, no mitochondrial poly-Ub was detected in Park2 À/À (Park2 encodes Parkin) macrophages, which were also defective in mitochondrial p62 recruitment ( Figures 3B,  3C , S3B, and S3C). We examined whether ectopically expressed p62 is also recruited to mitochondria upon macrophage stimulation. Whereas full-length WT p62 underwent mitochondrial recruitment after stimulation with NLRP3 agonists, the UBA-deficient construct, p62(DUBA), did not ( Figures 3D and S3D) . Thus, mitochondrial recruitment of p62 after exposure to NLRP3 agonists requires Parkin-dependent decoration of damaged mitochondria with poly-Ub chains that are recognized by the p62 UBA domain.
Parkin Restricts Buildup of Damaged Mitochondria
By decorating damaged mitochondria with poly-Ub chains, Parkin targets them to mitophagic clearance (Eiyama and Okamoto, 2015) . Accordingly, Parkin-deficient macrophages exhibited enhanced accumulation of damaged mitochondria after treatment with NLRP3 agonists ( Figure 4A ). The Parkin deficiency also enhanced Jm loss upon stimulation with NLRP3 agonists and augmented mtDNA release and mtROS production (Figures 4B and S4A, and S4B) . Although the Parkin deficiency did not affect NLRP3, ASC, pro-caspase-1, or pro-IL-1b expression ( Figure S4C ), it enhanced IL-1b release upon stimulation with inflammasome activators, without affecting TNF secretion ( Figures  4C and S4D ). NLRP3 agonist-induced caspase-1 activation was also elevated in Parkin-deficient macrophages ( Figures 4D and  4E ). Thus, just like p62, Parkin limits accumulation of damaged mitochondria in macrophages stimulated with NLRP3 inflammasome activators and thereby attenuates caspase-1 activation and IL-1b secretion.
ATG7 Is Needed for Clearance of p62-Bound Mitochondria
To better understand the role of the autophagic machinery in clearing damaged mitochondria, we conducted additional imaging experiments. LC3 puncta, which indicate autophagosome formation, colocalized with mitochondria, p62, and poly-Ub after NLRP3 inflammasome activation (Figures 5A, 5B, S5A, and S5B). ATG7 deletion had no pronounced effect on NLRP3, ASC, pro-caspase-1, or pro-IL-1b in LPS-stimulated macrophages ( Figure S5C ), although it enhanced accumulation of damaged mitochondria after stimulation with NLRP3 agonists, increased mitochondrial depolarization, and augmented mtROS production and mtDNA release ( Figures 5C, 5D , S5D, and S5E). As expected, ATG7 deficiency enhanced p62 accumulation (Figure S5C ) and more p62 was recruited to mitochondria in stimulated cells ( Figure 5E ), but these damaged mitochondria were not cleared ( Figure 5C ), leading to elevated caspase-1 activity and IL-1b secretion ( Figures 5F, 5G , S5F, and S5G) without affecting TNF release ( Figures S5H and S5I) . In contrast to a previous study (Shi et al., 2012) , ATG7 deletion had no significant effect on AIM2-inflammasome activation ( Figure S5J ). This discrepancy is likely due to the previous reliance on autophagy inhibitors (Shi et al., 2012 ) that probably have off-target effects. Activation of the NLRP1b-inflammasome was also unaffected by ATG7 ablation ( Figure S5K ). These results suggest that autophagy specifically inhibits activation of the NLRP3-inflammasome.
Eliminating Mitochondrial Signals Attenuates IL-1b Release Damaged mitochondria release or display signals, such as mtROS, mtDNA, and cardiolipin, that promote NLRP3-inflammasome activation (Elliott and Sutterwala, 2015) . We reasoned that elimination of these signals may attenuate IL-1b release from p62-deficient macrophages. To test this hypothesis, we treated WT or p62-deficient macrophages with low dose ethidium bromide (EtBr), which depletes mtDNA and blocks mtROS production (Nakahira et al., 2011) . Although not affecting TNF production, EtBr treatment, which reduced mtDNA by $90%, attenuated excessive IL-1b release by p62-deficient macrophages stimulated with inflammasome activators and inhibited caspase-1 activation ( Figures 6A-6D ). EtBr treatment had no effect on expression of pro-IL-1b or inflammasome components (Figure 6E) . Similar results were obtained by treating macrophages with chloramphenicol ( Figures S6A and S6B ), an antibiotic that targets mitochondrial protein synthesis, thus depleting mitochondria-derived inflammasome-activating signals (Shimada et al., 2012) . We also tested whether sequestering mtROS would reverse the effect of p62 deficiency. Treatment of macrophages with the mitochondrial-specific antioxidant Mito-Q (Chernyak et al., 2006) partially reduced NLRP3 agonist-induced mtROS production and release of IL-1b without affecting TNF release ( Figures 6F-6H ). These results collectively indicate that eliminating mitochondria-derived signals attenuates IL-1b release in p62 DMye macrophages.
Although the p62-autophagy pathway was suggested to attenuate inflammasome activation by targeting inflammasome components to autophagic degradation (Shi et al., 2012) , we did not observe significant elevation in amounts of inflammasome components in p62
DMye or Atg7 DMye macrophages relative to WT cells after stimulation with ATP ( Figures S6C and S6D ). We reason that the ''NLRP3-ASC-pro-caspase-1'' complex cannot be effectively degraded in lysosomes because inflammasome aggregates are highly resistant to lysosomal degradation and can be secreted out of the cell (Baroja-Mazo et al., 2014; Franklin et al., 2014) . Enhanced inflammasome secretion may account for the decrease in NLRP3 after a 2 hr stimulation of p62
DMye or Atg7
DMye macrophages with LPS + ATP.
As our results suggest that the NF-kB-p62-mitophagy pathway acts upstream to caspase-1 and restricts its activation, we reasoned that genetic activation of NLRP3 in the absence of any external NLRP3 agonists should lead to caspase-1 activation that cannot be inhibited by this pathway. Indeed, treatment of BMDM that expressed genetically activated NLRP3(A350V) with ML120b, which blocks p62 induction, did not further enhance caspase-1 activity ( Figure S6E) . Similarly, knocking down of p62 had no effect on IL-1b secretion by LPS-treated NLRP3(A350V) BMDM ( Figure S6F ) although it enhanced nigericin-induced IL-1b release from WT BMDM ( Figure S6G ). These results indicate that the genetically activated NLRP3-inflammasome is refractory to the NF-kB-p62-mitophagy negative regulatory loop.
p62 Attenuates Sterile Inflammation and Fulminant Hepatitis
To further examine the physiological function of p62, we used two mouse models of NLRP3-inflammasome-dependent inflammation (Eisenbarth et al., 2008; Kim and Lee, 2013) . We employed alum-induced peritonitis, in which alum was i.p. injected into WT or p62 DMye mice. More peritoneal IL-1b was induced in p62 DMye mice, which exhibited elevated neutrophil and monocyte infiltration relative to WT counterparts ( Figures 7A-7D) . Similar results were seen in global p62 KO mice ( Figures S7A-S7D ), confirming that global p62 ablation has a similar phenotype to the macrophage-specific deletion in respect to control of NLRP3-inflammasome activity. In a second model, we induced fulminant hepatitis with LPS plus D-galactosamine. p62 DMye mice displayed enhanced liver damage and elevated caspase-1 activation in liver macrophages relative to WT mice ( Figures 7E-7G) . Notably, as p62 ablation in neutrophils did not affect IL-1b secretion induced by NLRP3 agonists (Figure S7E ), the phenotypes seen in p62 DMye mice are due to p62 deletion in macrophages. We generated Atg7 DMye mice, which, similar to p62 DMye mice, exhibited enhanced IL-1b production and decreased survival after i.p. injection of LPS ( Figures S7F-S7H ). Thus, ATG7 also has a protective role in acute septic inflammation. Moreover, upon alum challenge, Atg7 DMye mice displayed enhanced IL-1b production and neutrophil/monocyte recruitment relative to WT mice ( Figures S7I-S7L) . Similarly, Atg7 DMye mice exhibited elevated caspase-1 activation in liver macrophages and enhanced liver damage relative to WT counterparts after LPS + D-galactosamine challenge ( Figures S7M-S7O ). These results confirm that autophagy limits excessive inflammation by restraining NLRP3-inflammasome activation.
DISCUSSION
This study identifies p62 as the missing link that allows NF-kB to inhibit NLRP3-inflammasome activation. Our results demonstrate that the NF-kB-p62-mitophagy pathway represents a key regulatory loop through which NF-kB orchestrates NLRP3-inflammasome activation and cytokine release, thereby focusing macrophage-mediated immunity on eliminating infectious agents while preventing long-lasting tissue inflammation and damage due to excessive IL-1b secretion and inflammatory macrophage death ( Figure 7H ). Moreover, our results reaffirm the importance of mitochondrial damage in control of NLRP3-inflammasome activation. In addition to being the primary transcriptional activator of inflammatory genes (Barnes and Karin, 1997) , NF-kB is responsible for keeping NLRP3-inflammasome activation and IL-1b production in check (Greten et al., 2007) . Although the mechanistic basis for this unexpected IKKb/NF-kB function was heretofore obscure, the findings have turned out to be clinically relevant as excessive inflammation was observed in human volunteers that were given highly specific and potent IKKb inhibitors. Unfortunately, this precipitated the termination of further clinical development of this group of NF-kB antagonists. In addition to excessive IL-1 production, myeloid-specific IKKb ablation results in IL-1-dependent neutrophilia and tissue damage (Hsu et al., 2011) . By examining the ability of autophagy receptors to link NF-kB signaling to inhibition of inflammasome activation, we found that only p62, but not other receptors, was upregulated upon IKKb/NF-kB activation. Furthermore, p62 induction was found to account for the inflammasome inhibitory function of NF-kB, as it promotes the mitophagic clearance of damaged mitochondria that emit NLRP3-inflammasome activating signals ( Figure 7H ). These signals, which are induced by a bewildering collection of unrelated stimuli, include mtROS, mtDNA, and cardiolipin (Elliott and Sutterwala, 2015) . Yet, generation of these more direct NLRP3 activators does not require NLRP3 itself, its association with ASC, or caspase-1 activation. Furthermore, in p62-deficient macrophages IKKb inhibition no longer enhances caspase-1 activation. Notably, the kinetics of p62 accumulation in LPS-stimulated macrophages lag behind those of NLRP3 and pro-IL-1b, further supporting the notion that p62 induction is only involved in elimination of direct inflammasome activating signals and does not affect NLRP3-inflammasome assembly (Lu et al., 2014) or expression of inflammasome components. As inflammasome activation may be a digital, all-or-none, process (Liu et al., 2014) , the NF-kB-p62-mitophagy pathway may only control the number of macrophages in which the NLRP3-inflammasome triggers caspase-1 activation.
p62 is a multifunctional protein that is expressed at low amounts by most healthy cells and tissues. Protein aggregates containing p62, however, referred to as Mallory-Denk bodies or hyaline granules, accumulate under stress, and are a characteristic pathological feature of chronic liver inflammation and cancer (Stumptner et al., 2007) . p62-containing aggregates also accumulate in chronic pancreatitis, which is attenuated upon p62 ablation in pancreatic epithelial cells (Li et al., 2013) . Whole body p62 ablation also attenuates liver inflammation and damage caused by disruption of autophagy (Komatsu et al., 2007) , but it is not clear in which cells p62 exerts its primary pro-inflammatory effects. Disruption of autophagic protein degradation results in accumulation of p62, which can activate NF-kB via its TRAF6 binding motif (Moscat and Diaz-Meco, 2009 ). However, p62 may also inhibit TRAF6 signaling (Kim and Ozato, 2009 ) and promote caspase-3 activation and cell death (Komatsu et al., 2012) . Given the involvement of p62 in pancreatitis and liver inflammation, the likely pathogenic role of macrophages in these diseases, which could be mediated through either TNF or IL-1b, and the conflicting reports about the effect of p62 on TRAF6 signaling, we directly investigated the function of myeloid p62 in acute LPS-induced inflammation. LPS from enteric bacteria, reaching the liver and pancreas through the portal circulation, is thought to play important roles in the pathogenesis of chronic hepatitis, liver fibrosis, liver cancer, and pancreatitis (Henao-Mejia et al., 2012; Seki and Schwabe, 2015; Vonlaufen et al., 2007) . To our surprise, myeloid-specific p62 deletion strongly enhanced LPS-induced inflammation and mortality due to unrestrained inflammasome activation, without an effect on pro-IL-1b or NLRP3-inflammasome component expression. Collectively, these findings reinforce the notion that p62 is a multifunctional protein with distinct cell-type and context-specific roles.
Damaged mitochondria are recognized by the E3 ubiquitin ligase Parkin, which decorates their outer membrane proteins with poly-Ub chains (Eiyama and Okamoto, 2015) . p62 binds poly-Ub chains through its UBA domain and can direct protein aggregates and organelles bearing such modifications to autophagic clearance (Komatsu et al., 2012) . However, the mitophagic function of p62 has been questioned, because in certain cells it only modulated the subcellular distribution of mitochondria that were damaged by treatment with uncouplers of oxidative phosphorylation and its ablation had no effect on their autophagic clearance (Lazarou et al., 2015; Narendra et al., 2010; Okatsu et al., 2010) . By contrast, our results clearly demonstrate that in macrophages, p62 is an essential mediator of mitophagic elimination of mitochondria that were damaged by treatment with NLRP3 agonists. Since LPS-induced macrophage activation is associated with a marked and selective increase in p62 expression, it is plausible that only in cells that express much more p62 than other mitophagy receptors, p62 becomes the rate-limiting mediator of mitophagy. Alternatively, mitochondrial uncouplers (e.g., CCCP), which are commonly used to study mitophagy, may induce a different pattern of mitochondrial outer membrane protein ubiquitination than the one induced by classical NLRP3 agonists. Such differences in the composition or distribution of ubiquitin chains may be sensed by specific autophagy receptors, such that only p62 recognizes mitochondria that have been damaged with NLRP3 agonists. Although production of catalytically active caspase-1, induced by canonical NLRP3 agonists (e.g., ATP), was proposed to enhance mitochondrial damage (Yu et al., 2014) , we found that NLRP3 agonists induced mitochondrial damage independently of NLRP3-inflammasome components, including caspase-1. Furthermore, mutational activation of NLRP3 did not induce any detectable mitochondrial damage, although it activated caspase-1. Thus, mitochondrial damage occurs upstream to NLRP3 and independently of it, and its removal through mitophagy prevents NLRP3-dependent inflammasome activation. Most likely, different experimental conditions account for the difference between our results and those of Yu et al., and when macrophages are incubated with suboptimal amounts of NLRP3 agonists, caspase-1 activation may be needed to enhance mitochondrial damage at later time points. However, recent studies suggest that inflammasomemediated caspase-1 activation is an all-or-none process, further ruling out the operation of a caspase-1-dependent positive feedback loop. Of note, little or no mitochondrial damage was observed in macrophages that express the constitutively active NLRP3(A350V) protein, even though these cells secreted copious amounts of IL-1b.
p62 was originally identified as a protein kinase C z binding protein that promotes NF-kB activation through its TRAF binding motif, thereby enhancing conventional inflammatory responses mediated by IL-1 or TNF (Moscat and Diaz-Meco, 2009 ). Since NF-kB stimulates p62 gene transcription, p62 can be part of a feed-forward loop that amplifies NF-kB-dependent inflammation. However, our results indicate just the opposite-p62 is responsible for preventing excessive inflammasome activation. Since unrestricted caspase-1 activation results in macrophage death in addition to IL-1b and IL-18 release, the absence of proper safety loops, such as the one mediated by NF-kB and p62, can lead to macrophage loss and uncontrolled neutrophil accumulation. This highly dangerous condition has been detected in mice lacking either IKKb (Hsu et al., 2011) or p62 in myeloid cells. However, it should be noted that the mere upregulation of p62 does not inhibit NLRP3 inflammasome activation; ATG7-deficient macrophages accumulate large amounts of p62, but in the absence of the autophagic machinery p62 cannot restrain inflammasome activation.
While being responsive to various foreign toxins and irritants, the NLRP3-inflammasome is activated by DAMPs, such as ATP and uric acid, natural cellular constituents that are released upon sterile tissue damage. Under such conditions, the antimicrobial function of IL-1b may not be essential and the goal of the sterile inflammatory response is to stimulate regenerative processes. DAMPs and other NLRP3 agonists elicit mitochondrial damage and thereby trigger production of NLRP3-inflammasome-activating signals which are removed through p62-mediated mitophagy, whose major goal is to dampen inflammation caused by tissue damage and initiate regeneration. Thus, NF-kB activation, which increases transcription of genes encoding essential inflammatory mediators, also ensures that the beneficial inflammatory response will not be excessive, thus avoiding chronic inflammatory disease and parainflammation caused by cell and tissue stress (Medzhitov, 2008) . Selflimiting inflammation is also important for initiating regeneration, which restores integrity of epithelial barriers and thereby attenuates PAMP and DAMP availability (Taniguchi et al., 2015) . Notably, Parkin-mediated mitophagy, in which p62 participates, is utilized by all metazoan phagocytes, from fly to human, to eliminate ingested bacteria (Manzanillo et al., 2013) . Thus, the ''NF-kB-p62''-dependent anti-inflammatory module described above could be an evolutionary relic of the xenophagy pathway, which also limits PAMP availability. Mitochondria have likely originated from prokaryotic intracellular parasites that have adapted to their eukaryotic hosts, which tolerate them as long as they do not pose danger or are altered in such a way that makes them perceived as ''non-self.'' Failed xenophagy increases microbial load, which is likely to be dealt with through IL-1b/IL-18-promoted innate immune responses.
Dysregulation of the NLRP3-inflammasome is frequently associated with diverse inflammatory, metabolic, and malignant diseases, including gouty arthritis, Alzheimer's disease, obesity, type II diabetes, and colorectal cancer (Lamkanfi and Dixit, 2012) . Therefore, proper control of NLRP3-inflammasome activity is critical for preventing disease development. Mutations in genes that encode components of the Parkin-dependent mitophagy pathway were detected in patients with Parkinson disease (Pickrell and Youle, 2015) . Although Parkinsonism entails age-related degeneration of dopaminergic neurons, it is plausible that excessive inflammasome-mediated IL-1b production by microglia may exacerbate neuronal cell death and inflammation. Another agerelated disease linked to the NLRP3-inflammasome is macular degeneration (Tarallo et al., 2012) . In fact, many degenerative diseases may be associated with accumulation of damaged and defective mitochondria, which can be the major cause of parainflammation (Medzhitov, 2008; Wallace, 2005) . The aging process itself is linked to elevated low-grade inflammation or parainflammation, characterized by constitutive production of low amounts of IL-1b, TNF, and IL-6 (Chung et al., 2009; Licastro et al., 2005) . We suggest that the NLRP3-inflammasome activation and insufficient mitophagy link accumulation of damaged mitochondria to the para-inflammatory state discussed above. Normal, healthy aging may be compromised and greatly enhanced by accumulation of somatically mutated mitochondria (Wallace, 2005) , which are more likely to release mtROS and fragmented mtDNA that act as direct NLRP3-inflammasome activators. Enhanced caloric intake may further accelerate this process through mTORC1-dependent attenuation of autophagy.
EXPERIMENTAL PROCEDURES
Please see the Supplemental Experimental Procedures for detailed experimental procedures.
Mice LysM-Cre mice were from Jackson Laboratories and crossed with p62 F/F and Atg7 F/F mice (Komatsu et al., 2005; Mü ller et al., 2013) to generate p62
DMye
and Atg7 DMye mice, respectively. p62 À/À mice were previously described (Rodriguez et al., 2006) . Nlrp3
A350V/+
CreT mice were as previously described (Brydges et al., 2013) .
Cell Culture and Stimulation
Primary bone marrow-derived macrophages (BMDM) were generated as described (Hornung et al., 2008) . For stimulation, BMDM were LPS-primed and then stimulated with NLRP3 agonists, AIM2 agonist poly(dA:dT), or NLRP1b agonist B. anthracis. Macrophages with a constitutively active mutant NLRP3 were generated by treating BMDM from Nlrp3 A350V/+ CreT mice with 1 mM 4-hydroxytamoxifen.
Enzyme-Linked Immunosorbent Assay
Paired antibodies and standard recombinant mouse IL-1b (R&D Systems) and TNF (eBioscience) were used to determine cytokines concentrations according to manufacturer's instructions.
Measurement of Active Caspase-1 by FLICA Assay
The levels of active caspase-1 were quantified using a fluorescent probe (FLICA FAM-YVAD-FMK, ImmunoChemistry Technologies) that specifically recognized active caspase-1. Fluorescence intensity was measured with a FilterMax F5 multimode plate reader (Molecular Devices).
Measurements of Mitochondrial Membrane Potential and ROS
Mitochondrial membrane potential (Jm) was measured using TMRM as previously described (Shimada et al., 2012) . Mitochondrial ROS were measured using MitoSOX (Life Technologies) following the manufacturer's instructions.
Immunofluorescent Staining and Confocal Microscopy BMDM were primed with LPS and then treated with NLRP3 agonists. Cells were then fixed, permeabilized, and blocked. After incubating overnight with primary antibodies, secondary fluorescent antibodies (Alexa-488, Alexa-594, or Alexa-647, from Life Technologies or Jackson Laboratories) were added and DAPI was used for nuclear counterstaining. Samples were imaged through a SP5 confocal microscope (Leica).
Statistics
All data are shown as means ± SD or means ± SEM as indicated. Statistical analysis was performed using a two-tailed Student's t test or log-rank test. For all tests, p values <0.05 were considered statistically significant. 
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